After aerosolization of a bovine strain of parainfluenza type 3 virus, the pathogenesis of the virus was followed from the trachea to the bronchioalveolar compartments of the lung of colostrum-free calves and of conventionally reared calves during a 5-to 12-day postexposure interval. By tissue titration, plaque assay, and electron microscopy, it was found that virus infection could be established in colostrum-free calves as well as in conventionally reared calves, even though sequential changes of virus replication were observed mainly in the infected colostrum-free calves during the 5-to 6-day postexposure periods. Electron microscopy demonstrations of (i) aggregates of viral nucleocapsids in the cytoplasm, (ii) alterations of cilia and basal bodies, (iii) dissolution of cytoplasmic membranes, and (iv) the shedding of virus into luminal spaces confirmed that epithelial cells of the respiratory tract were the primary target cells for the virus replication leading to cell destruction. These observations revealed further that productive infection was more efficient in the bronchioalveolar regions than in the tracheal regions, although large aggregates of viral nucleocapsids and destructive changes were more pronounced in the tracheal epithelium. The finding that parainfluenza type 3 virus replicates in the alveolar type II cells suggests that changes in surfactant production may occur during the peak of infection of these cells. The demonstration of virus budding through the basement membrane of small bronchioles and the presence of virus particles in the interstitial regions imply that one of the host defense lines, the basement membrane, may be impaired by virus invasion.
In contrast to the common occurrence of parainfluenza type 3 virus (PI-3V) infection in cattle, documentation of ultrastructural alterations of pulmonary tissues induced by PI-3V is limited. This is largely due to the generally mild course of PI-3V infection in conventionally reared (CR) calves. Colostrum-free (CF) calves are known to be more susceptible to PI-3V infection (2, 6, 17, 25) , even though the clinical signs of the infected host are often limited to a very short duration during experimental infection. As a part of our investigations on the pathogenesis of bovine respiratory diseases, the present report describes changes of the respiratory tract including the tracheobronchial tree and the alveolar compartments after PI-3V infection in CF and CR calves. To our knowledge this is the first ultrastructural description of viral pathogenesis and tissue responses in bovine pulmonary tissues to PI-3V infection. ' Present address: Connaught Laboratories Ltd., Willow- dale, Ontario, Canada.
MATERIALS AND METHODS
Virus. A bovine strain of PI-3V described previously (24) was used. The inocula were prepared by harvesting fluids from bovine embryonic kidney (BEK) cultures previously infected with PI-3V. After low-speed centrifugation (1,000 x g for 20 min), the supernatant fluids were sedimented at 100,000 x g for 2 h in a Beckman L-2 model ultracentrifuge. The pellets were then suspended in a small volume of phosphate buffer solution and stored at -70 C until used. These inocula had infectivity titers ranging from 3.7 x 107 to 2.3 x 109 plaque-forming units per ml.
Experimental calves. The CF calves (2 to 8 days of age at the beginning of the experiment) and CR calves (3 to 5 weeks of age at the start of the experiment) were obtained from the Research Station of the Ontario Agriculture College at Elora, Ontario. Upon arrival of the calves, blood samples and nasal secretion (NS) were collected from each. The calves were TSAI AND THOMSON lizer, a plastic tube, a portable vacuum pump, and a flexible plastic nose tube, was used for aerosolization of calves. The nebulizer was operated by applying air at 10 to 15 lb/in2 from a portable pressure-vacuum pump. The calf was subjected to the aerosol by inserting the plastic tube into the nostril and was allowed to breathe in as natural a manner as possible for about 20 min.
Experimental design. A total of ten calves, including seven CF calves and three CR calves, was used in the present study. They were divided into four groups; the chronological details are summarized in Table 1 . Group 1 consisted of three CF calves: 317, 321, and 318. The first two were exposed to an aerosol of PI-3V and the third was used as a control. Group 2 consisted of three CF calves: 328, 330, and 331. Calves 328 and 330 were aerosolized with PI-3V by procedures identical to those for group 1; calf 331 was used as a control. Two CR calves, 315 and 316, constituted group 3; calf 315 was exposed to PI-3V and the other was used as a control. In group 4, one CF calf, 333, and one CR calf, 322, were infected with PI-3V by procedures identical to those for group 1. Rectal temperatures, NS, and serum samples were measured and collected from each calf before exposure and at intervals thereafter. Calves in groups 1, 2, and 3 were killed at days 5, 6, and 7 postexposure, respectively. Calves in group 4 were sacrificed at day 12 postexposure for longer observations of antibody titers.
Virus isolation attempts. Portions of trachea and lungs of infected and control calves were removed aseptically and prepared as 10% fresh tissue homogenates with a chilled mortar and pestle unit by using Hanks balanced salt solution with 5% fetal calf serum. The homogenates were frozen and thawed twice and clarified by low-speed centrifugation, and the supernatant fluids were stored in small volumes at -70 C until use. Secondary bovine embryonic kidney cells were grown in a medium consisting of Eagle minimum essential medium in Hanks balanced salt solution supplemented with 10% fetal calf serum as described previously (24) . Twenty Leighton tubes or culture tubes and three prescription bottles were inoculated with appropriate amounts of each prepared sample and incubated for 1 h at 37 C for intervals of 1 to 10 days. The presence of virus was recognized by hemadsorption of bovine erythrocytes at 20 C and tested at 3-to 5-day intervals. Culture fluids from infected and control groups were harvested from the prescription bottles and subjected to virus identification by electron microscopy as described previously.
Plaque assay. The plaque assay was performed in bovine embryonic kidney cells that were grown in 60-mm Falcon plastic tissue culture dishes in a 5% CO2 incubator at 37 C. When monolayer cell sheets developed about 2 days later, each culture dish was inoculated with 0.5 ml of virus dilution (duplicate per dilution). After a 1-h absorption at 37 C in a 5% CO2 incubator, the cultures were overlaid with 5.0 ml of 0.8% warm agar in Eagle minimal essential medium. The plates were further incubated under the same condition for 3 days, and plaques were counted after staining with carbol fuchsin (0.01%). Light microscopy. Tissues for routine histology were fixed in Bouin solution or in 10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Additional and more detailed light microscopy observation was obtained by studying 0.5-to 1.0-/Am sections taken from plastic-embedded blocks from each experimental animal.
Electron microscopy. Tracheal and bronchial tubes were dissected into thin rings approximately 5 mm thick. After brief fixation, the tracheal rings were further cut into small rectangular blocks (1 by 1 by 3 mm 3) with the mucosal surface on one end and the tracheal cartilage surface on the other. Lung tissues for electron microscopy were selected from red areas as well as surrounding areas without apparent lesions. Both tissues were fixed in 2.5% glutaraldehyde and 2.0% formaldehyde in phosphate buffer (pH 7.3) for 2 h. The remaining procedures were described previously (24) .
RESULTS
Clinical signs. The peak temperature of each calf was recorded in Table 1 Virus isolation attempts. Portions of tissues taken from the trachea and lungs of infected and normal control calves were processed for virus isolation attempts. The results (Table 1) indicate that PI-3V was isolated from the lungs of all infected CF and CR calves and from the tracheas of two CF calves.
Plaque characteristics. Plaques resulting from PI-3V replication in bovine embryonic kidney cells were detected within 4 days after inoculation. The plaque sizes ranged from 1 to 3 mm in diameter at day 4 postinoculation and increased to 3 to 5 mm by day 6 postinoculation.
Determination of levels of HI antibody. The results of serum and NS antibody titers before and during virus infection are summarized in Light microscopy of virus infection in the tracheal mucosa. Numerous intracytoplasmic inclusions were observed in the ciliated epithelium of the trachea of CF calves 317 and 328, which were killed at days 5 and 6 postinoculation, respectively. These inclusions varied in size and shape and were situated most frequently in the apical portions of the cytoplasm near the nucleus (Fig. 1A, B) . The cilial arrangement of these infected epithelial cells did not appear to be disturbed by the presence of apical intracytoplasmic inclusions. However, in other areas of the same trachea, particularly in calf 317, the cilia were highly disorganized, fragmented, or missing. In severely affected areas, the mucosal surface was completely or partially denuded of epithelium or was lined by a few exfoliated degenerating cells (Fig. 1C, D) . Occasionally, intranuclear inclusions and mitotic cells were visible (Fig. 1A) . No inclusion bodies were observed in the globlet cells.
Intracytoplasmic inclusions were also observed sporadically in the tracheal epithelium of the other two infected CF calves, 321 and 330. Degenerating epithelial cells were occasionally seen in some regions.
The two CR calves infected with PI-3V and sacrificed at days 7 and 12, respectively, did not have demonstrable inclusion bodies, although a few degenerating epithelial cells were found occasionally. The other infected CF calf, 333, which was killed on day 12 postexposure, did not have histological lesions similar to those of three control calves.
Electron microscopy of virus infection in the tracheal mucosa. At the ultrastructural level, the most conspicuous feature of these infected epithelial cells was the presence of variously sized aggregates of viral nucleocapsids (VNs) in the cytoplasm, often located near the periphery of the nucleus (Fig. 2) . At higher magnification, these aggregates of VNs were composed of numerous filamentous structures measuring about 18 nm in diameter (Fig. 3 ). They were similar in appearance to VNs that have previously been described in bovine cell cultures infected with PI-3V (24) . Frequently, dispersed VNs near the luminal surface were observed in close association with basal bodies, many of which appeared to be disorganized due to the presence of VNs (Fig. 4A) .
Some mitochondria appeared to be normal, except for being displaced from their locations by the massive accumulation of VNs (Fig. 3) . But in others, especially in the apical regions, their matrices appeared to be somewhat more dense. Golgi complex, frequently with multiple stacks of cisternae, were seen near the aggregates of VNs (Fig. 3) . In some affected areas where VNs were present, there were dilated granular endoplasmic reticulum, vesicles, osmiophilic granules (lysosomes), and residual bodies (Fig. 3) . Some larger bodies, 3 to 6 nm in diameter and limited by a unit membrane, were occasionally observed in this region; they contained nonrecognizable remnants, possibly mitochondrial elements, ribosomal materials, or VN components. The nuclei were irregular and deeply indented (Fig. 3) . They contained aggregates of variably condense chromatin elements, frequently near the nuclear membrane.
Other cells, possessing irregular cilial projections, were found with multiple basal bodies which were randomly oriented in the cytoplasm near the luminal surface (Fig. 4A) . Other affected cells were seen with disrupted cilia and with balloon-like projections of the cytoplasm extending into the lumen. In many areas, the VNs appeared to be released through the rupture of the cytoplasmic membrane (Fig. 4C ). Other cells that contained aggregates of VNs were seen devoid of cilia but possessing irregular projection of microvilli. Intranuclear inclusions consisting of filamentous structures were occasionally observed.
Virus budding was rarely observed in infected ciliated epithelium, even in cells that contained large amounts of VNs, and some appeared to be in the late stage of infection. On one occasion, virus budding was expressed through the lateral unit membrane of a microvillus (Fig. 4B) . This was considered to be a means of virus release in the tracheal region.
Light microscopy of virus infection in the lung. In the CF calves infected with PI-3V and killed between 5 and 7 days postexposure, the lesions consisted of patchy areas of bronchiolitis, atelectasis, and alveolitis, with greater involvement observed in calves 317 and 328. In the severely affected areas, there were degenerative changes and necrosis of epithelial cells involving both bronchioles and alveoli (Fig. 5A) , whereas in other areas proliferation of bronchiolar epithelium was noted by the presence of increasing numbers of epithelial cells in a unit area (Fig. 5B) . In some small bronchioles, the lumens were partially occluded by mononuclear cells, some of which appeared to be alveolar macrophages (Fig. 5B) . In some areas, the infiltration of mononuclear and polymorphonuclear cells often completely obscured the normal alveolar pattern (Fig. 5B ). Intranuclear and intracytoplasmic inclusion bodies were seen in the cytoplasm of some bronchiolar epithelial Ammbv.-I 1.
C-1-7.5m Electron microscopy of virus infection in the lung. The most interesting observation in the lungs of infected calves was the demonstration of not only VNs but also of the virus-releasing processes in epithelial cells of small bronchioles ( Fig. 6A, B ; 7A, B). In these affected bronchioles, epithelial proliferation was manifested by the appearance of many premature, or primitive-type, cells in the basal region, near the basement membrane (Fig. 8, 9 ). The general over-all picture in these cells was the decrease in electron opacity of the cytoplasm; this was attributed mainly to an increase in the number of free ribosomes and a decrease in the number of organelles such as mitochondria and a roughsurfaced endoplasmic reticulum (Fig. 8) . Aggregates of VNs were frequently observed in these cells (Fig. 8, 9 ). Some isolated virus particles were found in the lumens of bronchioles where large numbers of cilia and microvilli were sectioned transversely or longitudinally (Fig. 6B,  C) . Identification of such virus particles was based on the presence of external coating elements (spike projections) and occasional presence of nucleocapsid ribbons. Few isolated virus particles and virus-budding processes were observed in the luminal surface of what appeared to be terminal bronchioles (Fig. 7A, B) . At no time were virus-budding processes actually seen through the lateral cell membrane into intercellular spaces between adjacent epithelial cells, although cytoplasmic expansion of ballon-like structures, which were devoid of typical paramyxovirus, were occasionally observed (Fig. 9) . Intranuclear inclusions, which consisted of numerous randomly oriented microtubules, were not uncommon in many infected bronchiolar epithelial cells. The lumens of affected bronchioles often appeared narrowed and largely occupied by cilia, microvilli, and degenerate cells.
Occasionally, syncytial giant cells, which contained aggregates of VNs and clusters of glycogen particles, were seen in the bronchiolar lumen but remained attached to the bronchiolar wall (Fig. 10) .
In some areas, the lumens of small bronchioles were occupied by mononuclear and polymorphonuclear leukocytes, some of which appeared to be actively phagocytizing foreign substances (Fig. 11) . In some instances, marked degenerative changes of bronchiolar epithelium, which were characterized by the presence of aggregated VNs and cellular liquidation, were noted in the regions where inflammatory cells were present.
In general, the basement membrane of bronchioles appeared to be intact; however, in a few areas it was observed that the basement membrane was disrupted by the virus-budding processes (Fig. 12) . Furthermore, there were isolated virus particles in the interstitial areas where collagenous fibers were present (Fig. 12) . We had no evidence that cells in the interstitial regions were involved in virus production. Polymorphonuclear and mast cells were occasionally found right below the basement membrane where infected basal epithelial cells were demonstrated (Fig. 9 ).
In the alveolar and terminal bronchiolar regions, where intracellular VNs and virus-releasing processes were demonstrated, the identification of cell types was often difficult. Nevertheless, alveolar type II cells were considered to be infected by PI-3V, although few lamellar inclusions were generally observed. These cells also showed the capacity of releasing virus particles (Fig. 13) .
Other ultrastructural features in the affected, terminal bronchiolar and alveolar regions include: (i) infiltration of lymphocytes, plasma cells, and macrophages in the interstitial areas; (ii) alveolar macrophages, polymorphonuclear leukocytes, and lymphocytes in the bronchiolar lumens and alveolar spaces (Fig. 11) ; (iii) hypertrophy of some alveolar type I cells; (iv) increased thickening of alveolar septal walls by the presence of amorphous substances intermingled with septal collagen bundles; and (v) partial swelling of some capillary endothelial cells. Many infiltrating cells were identified as plasma cells with dilated granular endoplasmic reticulum, indicating maturity and active protein synthesis. Occasionally, plasma cells were seen in mitosis. Alveolar macrophages containing many cytoplasmic inclusions (residual bodies) were found in the process of engulfing foreign substances including fibrin-like elements (Fig. 11) . Definite identification of virus replication, by the demonstration of VNs or virus budding, was not observed in the alveolar macrophages. :., I
." k . , L , ; . ! , . 8 The data demonstrate that PI-3V infection can be established experimentally in CF calves as well as in CR calves, although the patterns of virus infection and host response to virus infection appear to be different between the two groups. The reasons for this difference are not discussed in the present study. But it is speculated that a factor(s) other than "CF" may also be involved to account for the difference. Within infected CF calves, differences were also observed by ultrastructural assays, infectious virus determinations, and HI titers. These differences reflect the complexity of virus-host interaction in which multiple factors, such as virus titer, host age, host immune capacity, macrophage function, local and systemic antibody production, and interferon induction, may be operating simultaneously or sequentially to preserve balance between viral replication and host survival (22) .
We considered that HI tests of 1:16 or less were most likely to be nonspecific; only tests of 1:32 or higher were interpreted as positive for antibody in the present report. In this regard, Abinanti et al. (1) and Rossi and Kiesel (18) have expressed a similar opinion.
In the present study, the ultrastructural features are largely focused on the infected tissues of CF calves since various stages of virus development and host cellular response can be readily investigated in vivo under the experimental condition designed.
Light microscopy demonstrations of intracytoplasmic inclusions have been generally used as one of the criteria for the identification of PI-3V infection in the bovine species. Our observations agree with previous light microscopy findings of others (6, 17) , that the epithelial cells of tracheobronchiolar trees are primary target cells, and further demonstrate that the mode of viral maturation in the ciliated epithelial cells of the trachea differs from that of ciliated epithelial cells of bronchioalveolar compartments and from that of cell culture systems when they were compared at the ultrastructural levels (24) . In the trachea, although large accumulations of VNs were frequently seen in the cytoplasm of many infected epithelial cells, the virus-releasing processes were rarely observed even in cells that appeared to be in the late stage of infection. Only in one instance was a virus-budding process demonstrated to release from the plasma membrane of microvilli. This finding also substantiates our data that virus could be recovered from the tracheal region by virus isolation in tissue cultures, although the incidence and titer were usually lower than that of infected lungs. We have never observed virus release via the plasma membrane of cilia but, equally, we could not exclude this possibility. The reason(s) for the restricted viral release in the tracheal region is not known at present. It is assumed that some substance(s) may be present at the cell surface or that some inhibiting factor(s) may be induced in the infected ciliated cells; these elements may in turn suppress or abolish the viral maturation and release.
Because of the frequent observations of the virus budding and virus particles in lungs (epithelial cells of small bronchioles and alveolar type II cells), we suggest that virus particles are produced more efficiently in lungs than in tracheal mucosas. In this regard, our observations tend to support the contention that immunoglobulin A serves as the principal antiviral activity (23) . Probably, lesser amounts of anti-PI-3V immunoglobulin A are present in lungs than in tracheas during the interval (5 to 7 days) when calves were sacrificed.
Growth of PI-3V in alveolar type II cells has not been directly shown previously. In view of the present electron microscopy findings of the replication of PI-3V in these cells, it is tempting to relate this to the function of alveolar type II cells which are suggested to be involved in the production of surfactant. Of particular interest was the finding of virus budding upon plasma membranes of these cells. Plasma membrane as a site of virus maturation is rare in the ciliated epithelium of tracheas. On the contrary, isolated virus particles were often demonstrated in the regions of ciliated bronchiolar epithelium and of type II cells. It seems that the difference in the virus production is not due to the specific cell type itself but probably due to the circumferential influence such as local antibody production. (9) . These reports (9, 26) suggest that the production of both chemotactic factors and migration inhibition-like factor may represent a general phenomenon that might form the basis of a defense system in viral diseases.
It should be pointed out that the identification of lymphocytes and plasma cells was based on the ultrastructural characteristics of these cells. We considered lymphocytes as those cells with numerous free ribosomes in the cytoplasm and plasma cells as those cells with extensive elaboration of rough-surfaced endoplasmic reticulum. By the definition of Nossal and Ada (16), we also observed lymphoblasts and younger or immature plasma cells. A small number of dividing plasma cells was also observed. It had been reported that some plasma cells start synthesis and release antibody while still capable of division (4) .
Although there is no evidence in the present report regarding which class of immunoglobulins is synthesized by these cells, a recent report indicates that both immunoglobulin A and immunoglobulin M are preponderant in the lower respiratory tract (8) , while secretory immunoglobulin A is the predominant immunoglobulin in the upper airway secretions in several species (23) . It is suggested that further studies should be conducted to determine immunoglobulin classes from the upper and lower respiratory tract of both infected and control calves.
Parainfluenza viruses, including PI-3V, have at least two virus-coded external antigenic components similar to those of influenza virus (7, 19) , the hemagglutinin and the enzyme neuraminidase. It has been shown that live attenuated influenza (B/Eng/13/65) virus vaccine given intranasally is capable of stimulating relatively large amounts of both hemagglutininand neuraminidase-inhibiting antibodies in NS (5) . It was indicated that the neuraminidaseinhibiting antibody in NS was associated with the A class of immunoglobulins. Recently, antineuraminidase activity against PI-3V was demonstrated in the NS of immunized cattle (14) . By immunoelectron microscopy, they have shown that immunoglobulin A molecules were found attached to the peplomers of PI-3V virus particles (14) . Their observations suggest that immunoglobulin A molecules specifically interact with the peplomers. It has been shown that neuraminidase and hemagglutinin activities of the paramyxoviruses Simian virus 5 (19) and Newcastle disease virus (20) are associated with a single glycoprotein and should be found on the same peplomers.
One interesting observation in the present study is the demonstration of virus budding through the basement membrane and the presence of virus particles in the interstitial area. This finding, although demonstrated in one animal, suggests that one of the host defense lines, the basement membrane, could be impaired by virus invasion by breaking through the membrane. It is plausible that this situation may provide a suitable condition for pathogenic bacteria to invade and multiply in the lung parenchymae. In addition, the demonstration of virus particles in the subepithelial region suggests that persistent infection may develop in some hosts. There is, however, no ultrastructural evidence that the virus infects cells other than epithelial cells. This condition may account for the frequent isolation of PI-3V from CR calves that had no apparent clinical signs of virus infection.
Pulmonary virus infections are suggested to predispose to bacterial infections in the lung (11, 13) . It was recently reported that Sendai virus infection did not impair the transport of radiolabeled bacteria from virus-infected lungs and suggested bacterial multiplication was related to defects in pulmonary bactericidal mechanisms (12 
